Positron emission tomography in combination with the newly introduced catecholamine analogue ["Clhydroxyephedrine (["CIHED) enables the noninvasive delineation of sympathetic nerve terminals of the heart. To address the ongoing controversy over possible reinnervation of the human transplant, 5 healthy control subjects and 11 patients were studied after cardiac transplant by this imaging approach. Regional [CIqHED retention was compared to regional blood flow as assessed by rubidium-82. Transplant patients were divided into two groups. Group I had recent (< 1 yr, 4.4±23 mo) surgery, while group II patients underwent cardiac transplantation more than 2 yr before imaging (3.5±13 yr). ["CIHED retention paralleled blood flow in normals, but was homogeneously reduced in group I. In contrast, group II patients revealed heterogeneous ["C]HED retention, with increased uptake in the proximal anterior and septal wall. Quantitative evaluation of ["CIHED retention revealed a 70% reduction in group I and 59% reduction in group II patients (P < 0.001). In group II patients, ["CWHED retention reached 60% of normal in the proximal anterior wall. These data suggest the presence of neuronal tissue in the transplanted human heart, which may reflect regional sympathetic reinnervation. (J. Clin. Invest. 1991. 87:1681-1690
Introduction
Cardiac transplantation is now an accepted treatment for end stage cardiac disease. Survival rates of > 75% have been reported for the first 5 yr after the operation (1) . However, physical performance remains impaired in most patients after the transplant procedure (2) . This deficient physical recovery may be partly explained by denervation of the donor heart. Heart rate response to exercise is attenuated due to the absence of atrial innervation (3) . The necessary increase in cardiac output during increased physical activity is achieved primarily through an increase of stroke volume (4) . Increases in left ventricular end-diastolic pressure and internal diameter suggest that increased myocardial fiber length is responsible for the increased stroke volume in the denervated heart (5, 6) . However, there is evidence that the response ofheart rate to exercise improves over time in patients with cardiac transplantation (7) .
Although this functional improvement is thought to reflect adaptation and/or increased sensitivity ofthe sinus node to circulating catecholamines, it may be due to reinnervation of the donor heart (8-1 1).
Reinnervation of transplanted hearts in animals occurs during the first 9-12 mo after surgery (10, (12) (13) (14) . However, data demonstrating reinnervation of the human transplanted heart are scarce (10, 12) . This paucity ofdata is a direct result of insufficient techniques for the accurate in vivo evaluation of the autonomic nervous system of the human heart. With the advent of imaging methods that enable the delineation of the sympathetic nerve terminals, the noninvasive assessment of the integrity of the sympathetic nervous system has become possible (15) (16) (17) . The guanethidine analogue, 1231-meta-iodobenzylguanidine (MIBG) has been employed in combination with conventional nuclear medicine techniques to characterize the effect of various cardiac diseases on the sympathetic nervous system. Radionuclide distribution images of MIBG have demonstrated alterations ofthe sympathetic nervous system in patients with ischemic heart disease and cardiomyopathy (17) (18) (19) . More recently ["C]hydroxyephedrine (["C]HED)' has been introduced as a positron-emitting radiopharmaceutical that traces the uptake and storage of norepinephrine in the presynaptic adrenergic nerve terminal (16, 20) . In combination with positron emission tomography (PET), this approach enables the quantitative assessment of regional neuronal tracer retention in the heart (20) . Animal studies have shown that regional denervation of the canine heart leads to markedly reduced retention ofthis tracer while perfusion is preserved, demonstrating the specificity ofsympathetic hydroxyephedrine uptake (15) . Tracer kinetic modeling is being developed to quantify the regional catecholamine storage capacity of heart tissue (21) . Using this approach a linear relationship between the calculated catecholamine storage capacity and measured tissue norepinephrine content has been demonstrated in animals (22) .
The purpose of this study was to use this new imaging approach to investigate possible reinnervation of the human transplanted heart. Dynamic PET imaging was employed in normal control subjects as well as in patients with recent and remote cardiac transplantation. Regional ["1C]HED retention fractions were compared between each ofthose groups to assess the integrity ofthe sympathetic nervous system oftransplanted hearts. Myocardial blood flow was assessed using infusion of rubidium-82 to examine the integrity of the myocardium.
Methods

Patient selection
Control group. Five normal healthy male volunteers were selected. These individuals had no history or clinical evidence ofany disease that may affect the cardiovascular system. These subjects did not take any medications at the time of the study.
Patient population. Patients with cardiac transplants were selected from the University of Michigan Cardiac Transplant Program. Two groups of patients were studied. Group I consisted of five patients who were studied within the first year after transplant surgery (4.4±2.3 mo). In contrast, six group II patients had undergone cardiac transplantation more than 2 yr before the imaging procedure (42±22 mo). Patients were only included ifthere was no clinical evidence ofcardiac rejection by biopsy and other noninvasive parameters at the time of the study. All patients received standard immunosuppressive therapy consisting ofcyclosporine, immuran, and prednisone. Patients receiving any medication known to interfere with catecholamine uptake in presynaptic nerve terminals were excluded from this study (i.e., amiodarone or clonidine).
All patients and volunteers signed an informed consent form approved by the committee for clinical research at the University ofMichigan.
Synthesis of["C]hydroxyephedrine
["C]HED was synthesized by the direct N-methylation ofthe free base form of metaraminol with ["C]CH3I which was prepared by the '4N (p,a) "C reaction. Purification of ["C]HED was accomplished by radio-HPLC using a C-18 reverse-phase column. The column was eluted with 0.24 M sodium phosphate at 4 ml/min for the first 10 min and then with 10% ethanol in 0.24 M sodium phosphate at 3.5 ml/min for 10-20 min. The product peak was passed through an in-line 0.22-,tm sterile filter into a sterile vial for subsequent direct intravenous injection. UV absorbance of a known amount of radioactivity was used to calculate the end-of-synthesis specific activity (900±487 Ci/mmol). Chemical and radiochemical purities were > 95%. A more detailed description of the synthesis of ["C]HED can be found elsewhere (16) . Positron emission tomography All subjects were studied in a fasted state. The normal subjects and patients were imaged using the University of Michigan whole body scanners (931; Siemens, Hoffman Estates, IL/CTI, Knoxville, TN) which allow simultaneous imaging of 15 transaxial slices (6.7-mm slice thickness). Transmission scans were obtained with a retractable germanium-68 ring source and used for subsequent attenuation correction. 60 mCi of rubidium-82 was injected using a strontium/rubidium generator (Squibb Diagnostics, New Brunswick, NJ) and a dedicated infusion system (Siemens/CTI) for the evaluation of regional myocardial blood flow. 60 s after the end ofrubidium-82 infusion, PET 
Data analysis
After data acquisition, the sinogram data were corrected for attenuation and reconstructed using a conventional filtered back projection algorithm. A Hanning filter with a cutoff frequency of 1.12 cycles/cm was used producing images with a resolution of 9-10 mm full width half maximum. Using a SUN 4/110 workstation, the images were realigned perpendicular to the long axis of the left ventricle yielding 10-12 short axis views of myocardial tracer distribution extending from the apex to the base of the left ventricle (Fig. 1) . Myocardial regions of interest (ROI) were defined on three ofthe short axis views representing base, midplane, and apex ofthe left ventricle. Two circular ROI's were defined to identify inner and outer myocardial boundaries. The ROI algorithm then divided the myocardial region into four sectors corresponding to anterior, lateral, inferior, and septal segments 'of the left ventricle. An additional ROI was placed manually over the left ventricular chamber for determination ofarterial blood ["C]HED concentrations. Each of these defined ROI's were propagated over the entire sequence of temporal data and time-activity curves for both myocardial tissue and blood were generated. Because of the diminished ["C]-HED retention in the transplant patients, the myocardial regions were defined on the rubidium-82 images and copied to all ["C]HED images. Group data are expressed as the mean and standard deviation. The differences between the three patient groups were assessed using the unpaired t test. A P value of < 0.05 was considered statistically significant.
Clinical evaluation ofthe autonomic nervous system
In addition to PET imaging, three patients with recent cardiac transplantation (group I) and four with remote cardiac transplantation (group II) underwent a clinical evaluation of the autonomic nervous system. The detailed aspects of this evaluation are outlined elsewhere (23) . In brief, this examination included five tests measuring the heart rate and blood pressure response to various interventions. The heart rate changes were assessed in response to Valsalva maneuver, standing up (30:15 ratio) and deep breathing (maximum-minimum heart rate). The blood pressure was measured as a response to standing (postural blood pressure change) and sustained handgrip. These tests have been used and validated previously for the assessment ofautonomic neuropathy in patients with diabetes mellitus (23) .
Histological analysis
One patient in group II died 3 mo after the PET study (60 mo after transplantation). An autopsy was performed and histologic sections of the heart obtained. Blocks of tissue were taken from the anterior left ventricle at intervals from the base ofthe heart to the apex. Sections of formalin-fixed, paraffin-embedded tissue were stained with hematoxy- (Fig. 4) .
In group I patients, a global myocardial ["C]HED retention was only 28% of that found in the normal volunteers (P < 0.001). The tracer retention was similar in the basal, mid, and apical segments of the left ventricle. The ["C]HED retention differences between the anterior, lateral, and inferior septal segments of the left ventricle were not significant (Fig. 4) . Group II patients also demonstrated a globally decreased myocardial ["C]HED retention as compared with the normal control population (P < 0.001) (Table II) . However, the retention of the tracer was significantly higher in the basal segments as compared with apical segments of the left ventricle (P < 0.01) (Fig. 4 A) . Specifically, ["C]HED retention in the proximal anterior wall and septum was increased. In one patient the tracer retention was equal to normal values (Fig. 4 B) . The tracer retention in inferior and lateral segments averaged only
30-40%. ["C]HED retention in the apical segments ofgroup I
and group II patients was not significantly different (Fig. 4 A) (Fig. 5, A and  B) . Schwann cells and endoneural fibroblasts had a similar appearance in nerves from both of these locations. However, actual axons were demonstrable in the Holmes stain only in the sections taken from the basal aspect ofthe left ventricle and not in the apical portion (Fig. 5, C and D) . In the corresponding preparations stained for S-100, the basal myocardium of the left ventricle was seen to contain many more -100 positive nerve fibers than the apical portion of the ventricle.
Clinicaltesting ofautonomic nervous system. Table III summarizes the incidence of abnormal test results of the clinical evaluation of the cardiovascular autonomic nervous system in group I and group II patients. The evaluation revealed abnormal responses in all group I and group II patients. There was no significant difference between both groups in the test results evaluating heart rate or blood pressure responses. Fig. 4 catecholamine analogue for PET (16, 26) . This tracer mimics the neuronal uptake and storage of norepinephrine (15) . In contrast to norepinephrine, the tracer is not metabolized in sympathetic nerve terminals by monoamine oxidase (27) . Animal experiments in the rat and canine heart using pharmacological inhibition of neuronal uptake I mechanism (desimipramine) and vesicular storage (reserpine) demonstrated reduction of tracer retention by > 90% (26) . These data indicate the high specificity ofthis tracer for neuronal binding sites. Following uptake and storage, the tracer is retained in tissue with a long biological half-life. Correlation of tissue ["C]HED retention with tissue norepinephrine content in a canine model of regional cardiac denervation showed a close relationship of both measurements (15, 26) . The analysis of tissue ["CJHED kinetics has been confined to the left ventricle only. This limitation is due to the spatial resolution of the imaging device used. State-of-the-art PET but is crude in comparison to the thickness ofthe left atrial wall as well as right ventricular wall (3-6 mm). Therefore, the retention of the tracer in these structures of the heart cannot be accurately determined (28) . However, in vitro tissue counting in the animal model has shown that the "C activity per gram of tissue in the left atrium and right ventricle is comparable to that of the left ventricle (26) . These findings are consistent with the known dense sympathetic innervation ofthe atria as well as the right ventricle (29) . Because of these geometric limitations, we could not assess the possible reinnervation in the left or right atrium. The observed findings in the left ventricle suggest that the basal segments ofthe right ventricle may be reinnervated to the same extent as the basal segments of the left ventricle.
Data interpretation. This study provides the first direct evidence for catecholamine uptake and retention in the transplanted human heart. There is ongoing controversy over whether the human heart does demonstrate reinnervation (3, (30) (31) (32) . A recent study indicated that patients with remote cardiac transplantation demonstrate increased norepinephrine spillover following the injection of tyramine, suggesting myocardial release of norepinephrine from nerve terminals (33) . This indirect evidence of reinnervation agrees with our scintigraphic findings of tracer retention in the transplanted heart.
Reinnervation has been well established in various animal models of cardiac transplantation including primates (12, 14, (34) (35) (36) (37) . Evidence for reinnervation has been confirmed not only after autotransplantation but also in allografted animals given immunosuppressive therapy (35) . Peiss and co-workers demonstrated that vagal reinnervation occurs as early as 4 wk and sympathetic reinnervation as early as 10 wk after autotransplantation in the canine model (38). The same authors reported that the functional responses to electro-activation of the nerves were similar to those in normal dogs 3 yr after transplantation (38). Histochemical evaluation of canine cardiac transplants demonstrated regeneration ofadrenergic fibers 1 yr after surgery (13) . Kaye et al. have reported that reinnervation occurs as early as 3 mo in the canine model using stimulation of the stellate ganglion and measurements of regional myocardial function. Serial stimulation studies suggested a regional pattern of reinnervation (29) . The left ventricular base responded with a greater degree to the stimulation than the more distal aspects of the left ventricle. Assessment of tissue norepinephrine levels in animals following cardiac transplant demonstrated higher values in the left atrium, right atrium, and left ventricular base as compared with the right and left ventricular apex. However, the overall norepinephrine tissue content was lower than in normal control animals (29, 38) . The authors concluded that evidence of autonomic reinnervation of the surgically denervated canine heart progresses from the base to apex and is functionally complete at 9 mo after denervation.
The recovery ofneuronal function paralleled the return ofmeasurable quantities of myocardial norepinephrine and decrease of hypersensitivity to infused norepinephrine (29) .
Similar evidence for the reinnervation oftransplants in humans has not been reported. Rowan and Regitz found no evidence for reinnervation in endomyocardial biopsies of heart Reinnervation ofHuman Cardiac Transplant 1687 (23) . A recent report employing analysis of heart rate variability using spectral analysis revealed increased heart rate variability late after transplantation suggesting atrial reinnervation (39) . Such sophisticated analysis was not employed in this study.
The scintigraphic results agree closely with the data observed in the animal studies. The basal segments ofthe anterior and anterior-septal wall of the left ventricle appeared to retain the tracer to a larger degree than the more distal segments ofthe left ventricle indicating regional storage capacity for catecholamines. The quantification of[' C]HED kinetics indicated considerable variability among patients, but the overall storage capacity remains reduced as compared to normal myocardium. Again, these data confirm the direct measurement of norepinephrine tissue content in experimentally transplanted hearts (29) . However, in contrast to the animal data, the time course of reinnervation in the human heart appears to be prolonged.
Longitudinal studies in the same patient population are required to define the time course and full extent of reinnervation in the human heart.
The clinical significance of partial reinnervation of the human transplanted heart is unclear. Clinical studies have suggested that the heart rate response to exercise tends to normalize late after transplantation. The lack of clinical evidence for autonomic reflex control of the transplanted heart indicates absence ofphysiologic meaningful reinnervation. However, independent of the integrity ofthe reflex control, the presence of neuronal structures that sequester and possibly release norepinephrine may affect regional sympathetic tone. The amine uptake mechanism of the sympathetic nerve terminal plays an important role in regulation of the extraneuronal norepinephrine concentration. Heterogeneity of norepinephrine removal or release may affect regional electrophysiologic properties and/or vascular reactivity. Heterogeneous sympathetic tone has been linked to increased incidence of arrhythmias, especially in the setting of ischemia. Further studies are required to define the physiologic significance of partial reinnervation of the transplanted human heart. 
